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Abstract 
The operating performance and indoor thermal comfort of the sensible heat storage air source heat pump (ASHP) 
system were analyzed by detailed experiments and numerical calculation in this paper. The data field trial lasted for 
two months in Changsha, China. Specifically, the indoor temperature distributions in both the defrosting and no-frost 
outdoor conditions were investigated respectively through experiments. And the comparative analysis with the VRV 
system was conducted. Predicted mean vote (PMV) and predicted percent dissatisfied (PPD) were used to evaluate 
indoor thermal comfort. Experimental results and the calculated evaluation indexes depict that the sensible heat 
storage system can achieve improved indoor thermal comfort and lower energy consumption compared with the VRV 
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Nomenclature 
ASHP Air Source Heat Pump  
TES Thermal Energy Storage  
RFH  Radiant Floor Heating 
VRV      Variable Refrigerant Volume 
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RH          Relative Humidity  
PMV       Predicted Mean Vote 
1. Introduction  
In China, energy consumption in residential building is predicted to be up to 35% in 2020[1, 2]. 
Among the energy consumption in residential building, residential heating and cooling accounts for an 
increasingly significant part due to the rising demand for indoor thermal comfort and more indoor 
activities[3, 4]. Even so, the residential indoor air quality of the central-south China is still not optimistic 
today since no central heating supply is provided for this area[5, 6]. Currently, the VRV system, one 
typical kind of the conventional ASHP systems, is the most widely-used system for residential heating in 
this area due to the flexible load adjustment and convenient installation. Nonetheless, when a conventional 
ASHP is used for space heating, frost can be easily formed on the outdoor coil surface because of the high 
air humidity and low air temperature. The thick frost substantially lowers the operating performance and 
energy efficiency of the system, and sometimes even leads to the shutdown of the ASHP unit. 
Consequently, the occupants’ thermal comfort and the overall performance of the system may be affected 
acutely[7-9].  
TES plays an important role in center air conditioning, energy-saving building and waste heat recovery 
systems[10-13]. The sensible heat storage uses the released or absorbed energy when the material 
temperature decreases or increases[14]. The sensible heat storage ASHP system consists of the ASHP 
units in parallel connection, TES water tanks in parallel connection, RFH system used in winter and the 
fan and coil units used in summer. With the solenoid valves on the RFH side open and the solenoid valves 
on the fan and coil unit side closed in winter, the floor heating system runs as the air conditioning end in 
winter to warm the indoor space up.  
Up to now, seldom researches have been carried out to investigate the running performance of such an 
integrated sensible heat storage system for space heating, let alone the application in hot summer and cold 
winter area of China. The purpose of this paper is therefore to evaluate the operational performance and 
indoor thermal comfort of the sensible heat storage ASHP system for residential heating based on the 
experiments conducted in Changsha, one typical city of central-south china and the thermal comfort 
model established by Fanger’s[15], with reasonable assumptions and simplifications. 
2. Experimental apparatus of the system 
The experimental apparatus of the sensible heat storage ASHP system is demonstrated in figure 1. The 
experiments were carried out in a residential apartment on the 5th floor in Changsha, using the sensible 
heat storage ASHP system for space heating, with heating capacity of 15kw and RLH system for end use. 
Controlled comparative experiments, with VRV ASHP unit for space heating, were conducted in the 
apartment on the 11th floor of the same building. The VRV system had a total heating capacity of 14kw, 
with lateral supply under the ceiling from the indoor units. 
The indoor air temperature and RH were measured in the living room and there were totally 12 
measuring points in the heated indoor space, as shown in figure 2. Four points for the floor surface level 
and 1.1 m level above the floor surface were measured respectively, corresponding to the feet and head 
levels of a seated occupant. Average temperature of the four points represents the temperature of the level. 
It should be mentioned that the test points on the walls and ceiling were not included in the comparative 
 Zeng Jing et al. /  Energy Procedia  88 ( 2016 )  703 – 708 705
experiments. The measurements of indoor and outdoor temperature and RH were made by thermometers 
with an accuracy of f0.1ć, at intervals of 5 min. 
 
Fig. 1. Layout of the experimental apparatus  
  
Fig. 2. Test points distribution in the living room 
3. Fanger’s thermal comfort model 
PMV and PPD proposed by Fanger are the two indexes extensively used and accepted to evaluate 
thermal comfort. The two indexes can be evaluated by the two equations: 
 [0.303exp( 0.036 ) 0.028]  PMV M L  (1) 
 4 2100 95exp[ (0.03353 0.2179 )]   PPD PMV PMV  (2) 
The recommended range of PMV and PPD are as follows: −0.5İPMVİ+0.5, PPDİ10%[16]. In 
RFH system, operating temperature is adopted to evaluate thermal comfort since thermal comfort is 
greatly influenced by radiant heat transfer between humane body and interior room surface. 
ot in mrt(t t ) / 2 T                                                                          (3) 
Where tin and tmrt represent mean indoor temperature at all levels and mean radiant temperature, 
respectively. tmrt could be replace by is the weighted average temperature of room inner surfaces except 
floor here. 
4. Results and discussions 
4.1. Indoor thermal comfort 
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Two typical outdoor conditions were selected to do the comparative experiments. The VRV system 
operated continuously from 8:30 to 22:00, total running hour 13.5h each day. An intermittent running 
strategy, according to the outdoor conditions, was applied for the sensible TES system, as shown in table 
1. The experimental results of the obtained data are presented in a visually graphical form, as shown in 
figure 3-4.  
Table 1. Heating schedules of the sensible TES system 
Condition Operating time  Total hour  
1 6:00-9:00 and 18:00-21:00 6 h 
2 6:00-10:00 and 18:00-22:00 8 h 
 
 
Fig. 3. Indoor air temperatures in condition 1                                               Fig. 4. Indoor air temperatures in condition 2 
 
Fig. 5. PMV and PPD of the TES system in both conditions 
In condition 1, the outdoor RH was below 80% and the outdoor temperature was among the range 
from 7.1ć to 12.6ć. No frost on the outdoor coil or defrosting process was observed in the day. As 
presented in figure 3, the temperature difference at the 1.1m level was slight while the floor surface 
temperature of the sensible TES system (23.2ć-25.9ć) is considerably higher than that of the VRV 
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system (13.9ć-18.9ć). Hence, better indoor thermal environment was provided by TES system from the 
overall view of indoor temperature in condition 1. Furthermore, the total operational hours of the VRV 
system was 8 hours longer than that of the TES system. 
With respect to condition 2, the outdoor temperature was basically at 5 ć and the outdoor RH was at 
around 90%. In figure 4, the indoor temperatures in VRV systems fluctuated heavily with considerable 
temperature decrease while the indoor temperatures of the TES system varied smoothly throughout the 
day. The main reason is that the indoor environment of the VRV system is sensible to the change of 
outdoor environment; hence the indoor thermal comfort could be acutely affected in defrosting conditions 
which are normal for the weather in Changsha. 
The calculated PMV and PPD of the sensible heat storage system in both conditions are shown in 
figure 5, during the occupants’ activity time 9:00~24:00. It can be observed that the overall variation 
trends of the PMV and PPD profiles in both conditions are somewhat similar respectively. In condition 1, 
PMV value (-0.7 - 0.5) and PPD value (5% - 16%) were among the recommended value range except the 
‘a little cold’ period (3 hours) in the afternoon when the system shut down for more than 5 hours. It 
should be mentioned that the PMV value was above zero during 9:00-13:00 and 20:00-23:00, with a 
highest value of 0.5 which represented the indoor occupants felt slight hot of the thermal environment. As 
for condition 2, the average range of PMV (-0.8 - 0.3) was slightly lower than that of condition 1 and the 
PPD value (5% - 20%) was higher than that of condition 1 as expected. The time period when indoor 
occupants may feel a little cold in condition 2 was about 4.5 hours, and the highest PPD was within 20%. 
The operating hours could be longer in this kind of outdoor conditions.  
In all, the indoor thermal comfort was considered to be satisfactory under the intermittent running 
mode of the system. 
4.2. Energy consumption 
The field data trial lasted for nearly 2months, from November 15, 2014 to February 5, 2015. And the 
energy consumption of the 2 systems was collected. According to the obtained data, the mean daily 
electricity consumption of the sensible heat storage system was 41.3kw·h while the VRV system used 
52.5kw·h electricity. And the daily running cost could be reduced by 6.7 yuan using the sensible TES 
system for heating considering that the unit price of power was 0.6 yuan /kw·h. 
5. Conclusions  
This study aims at analyzing the feasibility of the sensible heat storage ASHP system for domestic 
heating for central-south China. Comparative experiments using both the TES system and the VRV 
system were conducted. And the indoor PMV and PPD were calculated to assess the thermal comfort of 
the occupants. The results are shown as follows. 
In both no-frost and defrosting outdoor conditions, the intermittent running strategy (6 hours - 8 hours) 
of sensible TES system provided higher indoor temperatures and used less energy, compared with the 
continuous running mode (13.5 hours) of VRV system. As for the calculated evaluation indexes to 
sensible TES system, the PMV value (-0.8 - 0.5) and PPD value (5% - 20%) in both conditions were 
among the recommended range most of the time except for the a little cold period (3 hours - 4.5 hours) in 
the afternoon. The indoor thermal comfort is considered to be satisfactory under the intermittent operation 
mode of the sensible TES system. 
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708   Zeng Jing et al. /  Energy Procedia  88 ( 2016 )  703 – 708 
Authors keep full copyright over papers published in Energy Procedia 
Acknowledgements 
This research was financially supported by the 12th Five-Year National Science & Technology 
Support Program (No. 2011BAJ03B05-6).  
References 
[1] Chen S, Li N, Guan J, Xie Y, Sun F, Ni J. A statistical method to investigate national energy consumption in the residential 
building sector of China. Energy and Buildings. 2008;40:654-65. 
[2] Chen S, Li N, Yoshino H, Guan J, Levine MD. Statistical analyses on winter energy consumption characteristics of 
residential buildings in some cities of China. Energy and Buildings. 2011;43:1063-70. 
[3] Minglu Q, Liang X, Deng S, Yiqiang J. Improved indoor thermal comfort during defrost with a novel reverse-cycle 
defrosting method for air source heat pumps. Building and Environment. 2010;45:2354-61. 
[4] Wang D, Liu Y, Wang Y, Liu J. Numerical and experimental analysis of floor heat storage and release during an intermittent 
in-slab floor heating process. Applied Thermal Engineering. 2014;62:398-406. 
[5] Gong G, Tang J, Lv D, Wang H. Research on frost formation in air source heat pump at cold-moist conditions in central-
south China. Applied Energy. 2013;102:571-81. 
[6] Wang C, Gong G, Su H, Wah Yu C. Efficacy of integrated photovoltaics-air source heat pump systems for application in 
Central-south China. Renewable and Sustainable Energy Reviews. 2015;49:1190-7. 
[7] Huang D, Yuan X, Zhang X. Effects of fan-starting methods on the reverse-cycle defrost performance of an air-to-water heat 
pump. International Journal of Refrigeration. 2004;27:869-75. 
[8] Kelly NJ, Cockroft J. Analysis of retrofit air source heat pump performance: Results from detailed simulations and 
comparison to field trial data. Energy and Buildings. 2011;43:239-45. 
[9] Liu Z, Tang G, Zhao F. Dynamic simulation of air-source heat pump during hot-gas defrost. Applied Thermal Engineering. 
2003;23:675-85. 
[10] Parameshwaran R, Kalaiselvam S, Harikrishnan S, Elayaperumal A. Sustainable thermal energy storage technologies for 
buildings: A review. Renewable and Sustainable Energy Reviews. 2012;16:2394-433. 
[11] Heier J, Bales C, Martin V. Combining thermal energy storage with buildings – a review. Renewable and Sustainable 
Energy Reviews. 2015;42:1305-25. 
[12] Khudhair AM, Farid MM. A review on energy conservation in building applications with thermal storage by latent heat 
using phase change materials. Energy Conversion and Management. 2004;45:263-75. 
[13] Zhou G, He J. Thermal performance of a radiant floor heating system with different heat storage materials and heating pipes. 
Applied Energy. 2015;138:648-60. 
[14] Wang F, Wang Z, Zheng Y, Lin Z, Hao P, Huan C, et al. Performance investigation of a novel frost-free air-source heat 
pump water heater combined with energy storage and dehumidification. Applied Energy. 2015;139:212-9. 
[15] PO F. Thermal comfort. 2nd Ed ed: Krieger Publishing Company Press; 1982. 
[16] 7730 I. Ergonomics of the thermal environment-analytical determination and interpretation of thermal comfort using 
calculation of the PMV and PPD indices and local thermal comfort criteria: International Standard Organization; 2005. 
 
 
